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ABSTRACT

Bioinformatic Analysis: Retroposon Sequences Containing Multiple Putative
Endonucleases
By
Seanna Kathleen Corro
Or. Steven deBelle, Examination Committee Chair
Assistant Professor of Biology
University of Nevada, Las Vegas
Dr. Marcella McClure, Research and Thesis Advisor
Associate Professor of Microbiology
Montana State University. Bozeman
Among the retroposons, the source of the endonuclease activity is known to be variable.
We investigated whether any retroposon genomes encode potential multiple endonuclease
functions. Amino add alignments were generated to reveal the presence of the characterized
ordered-series-of-motifs (OSM) that define four different endonudease functions. These
endonuclease functions indude a retroviral-like integrase (IN ), an apurinic-apyrimidinic
endonuclease (APE), the FDD endonudease recently identified in the R2BM retroposon and an
HNH endonudease signature conserved by the group II intron sequences. The results indicate
that the spliced leader assodated conserved sequences (SLACS) of T. brucei, cruzi-associated
retrotransposon (CZAR) of Trypanosoma cruzi, two crithidia retrotransposable elements (CRE);
CRE1 and CRE2 of Crithidia fasciculata and certain INGI retroposon sequences of Trypanosoma
brucei contain multiple putative endonuclease functions.
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CHAPTER 1

INTRODUCTION
The development of highly efficient sequencing techniques has led to an explosion of
data. In 1982, there were 602 sequences in GenBank. Today, there are more than six million
sequences available in GenBank (http://Www.ncbi.nlm.nih.gov/Genbank/genbankstats.html).
GenBank continues to grow at an incredible rate (httpV/www.ncbi.nlm.nih.gov/Web/Newsltr/
Summer99/decade.html) and is currently doubling every 15 months (7). Genome projects around
the world are progressing at an ever faster pace, contributing to the avalanche of data being
generated. On June 26, 2000, President Clinton, leaders of the Human Genome project and
representatives of Celera Genomics announced that a "working draft" of the human genome DNA
sequence has been completed. This "working draft" still contains gaps and errors but provides
information about the location of nearly 90% of the genes on every chromosome. The Human
Genome project is currently projected to be completed in the year 2003 (http://www.oml.gov/Tech
Resources/Human_Genome/home.html). Computational databases have become an integral
part of scientific endeavors but the ability to generate and store data far outpaces our ability to
extract useful information from the data generated. The field of bioinformatics has emerged in
response to the need to analyze and assimilate the raw data accumulating.
In order to exploit the immense amount of raw data available, it is essential that scientists gain
the computational and analytical skills necessary to identify data relevant to their work so that it
may be incorporated into their scientific investigations. Bioinformatics is a single discipline that
merges biology, the computer sciences and information technology. Three sub-disciplines
recognized within the field of bioinfonnatics are the development of new algorithms and statistics
to analyze relationships among memt)ers of large data sets, the analysis and interpretation of
data and the development and implementation of tools that make it possible to access and
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manage different types of information. The cumulative efforts of individuals working in each of
these sub-disciplines may ultimately enable the discovery of new biological insights that will
eventually lead to a global perspective from which unifying biological principles can be uncovered
(http://www.ncbi.nlm.nih.gov/Education/index.htmO-

Sequence Analysis
The work presented in this thesis focuses on the use of bioinformatic techniques to
analyze sequence data. Sequence analysis can t)e conducted using protein or nucleic add
sequences that are distantly or dosely related. The analytical techniques applied depend on the
type of sequence data used. The distance between any two sequences, or the Hamming
distance, must first be determined. This is accomplished by counting the numt)er of differences
between two sequences. This distance measure, given as a percent identity, can be misleading
In tenns of the actual genetic distance between any two sequences because multiple mutations to
a single residue can not be detected. For nucleic add sequences, the inability to detenmine the
actual number and types of mutations that have occurred can t)e referred to as nucleotide
saturation. The effects of nudeotide saturation prevent the Hamming distance from reflecting an
accurate measure of the true evolutionary distance between sequences less than 70-75%
identical at the nudeic add level (tittpJ/hivweb.lanl.gov/TREE_TUTORIAl_/Treetutorial.html#Distances). In order to study sequences less than 70-75% identical at the nudeic
acid level, it is necessary to analyze the corresponding protein sequences.
Protein sequence alignments are more informative than nudeic add sequence
alignments in that they allow different degrees of similarity to be detenoined between the
sequences, permitting more distant homology to tie deteded. This is possible because
comparisons of protein sequences that employ an amino add substitution matrix result in
sequence similarity scores that incorporate the probability of substitution tietween any two amino
acids. This probability of substitution is tiased on empirically derived matrices that incorporate
information relating to the ease of converting one codon to another as well as the physiochemical
properties of the amino adds. A protein is less likely to be affeded in terms of function or
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structure if one amino add residue is substituted for anotfier amino add that is very similar in
terms of physiochemical properties. Evidence of homology between protein sequences supports
common ancestry and allows the putative function of the proteins to tie inferred if the function has
been experimentally detennined for at least one mem tier of the protein family (58). Therefore,
the results of amino add sequence comparisons can provide evidence supporting putative protein
function.
Comparisons of dosely related nudeic add sequences can provide information on the
nature of the evolutionary forces that have aded to shape sequence variation. These molecular
population genetics studies are limited to sequences greater than 70% identical at the nudeic
acid level because they evaluate the effeds of natural selection, which can not be determined
once nucleotide sequences fall tielow 70% identity as a consequence of nudeotide saturation.
Thus, when it comes to sequence analysis it is ultimately the percent identity that didates which
analytical techniques should be applied (40).
Two projeds, one dealing with distantly related sequences and the other with dosely
related sequences have been accomplished and will be discussed in this thesis. The projed
described in chapter two deals with a set of distantly related retroposon protein sequences that
have been analyzed with resped to their endonudease functions. At the other end of the
sequence identity spedrum, chapter three discusses a set of dosely related endogenous
retrovirus (ERV) nudeic acid sequences that have tieen analyzed from a molecular population
genetics perspedive to determine the impad selection has had on ERV sequence variation.

Retroposon Sequences Containing Multiple Putative Endonucleases
Amino adds that are essential for a protein’s strudural or fundional integrity will generally be
conserved throughout evolution, forming recognizable patterns within the sequences. Margaret
Dayhoff first introduced the idea of such regions by describing them as islands of amino acids
that are conserved among sequences (20). These conserved amino adds exist as motifs. The
presence of multiple motifs in a specific order is referred to as an ordered series of motifs (OSM)
and can be thought of as a protein signature (58). Variable regions termed motif-
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jntervening-regions (MiRs) interrupt the motifs observed within a protein sequence encoding an
OSM. The MIRs are less constrained by the functional selection operating on the OSM. Thus,
their size and amino acid composition can vary greatly (60). The presence of an OSM
representative of specific function among a group of sequences supports common ancestry and
allows the putative function of the proteins to be inferred if the function has been experimentally
determined for at least one member of the protein family (SB).
Endonuclease is a critical function in the lifecycle of transposatWe elements such as the
retroposons. The OSMs of three different endonuclease functions have been previously
identified within different retroposon sequences (fig. 1). Each of these has been experimentally
demonstrated to provide endonuclease function for a Retroid agent (18, 25,

6 6

, 89). This

observation led to the hypothesis that a single retroposon sequence may contain the OSMs of
more than one endonuclease. The OSM of a fourth endonuclease function, that will be referred
to as the histidine-asparagine-histidine (HNH) endonuclease for the residues conserved by the
OSM, has tieen described in certain bacterial reverse transcriptase (RT) containing group II intron
(retrointron) sequences (37, 77). Unlike the other endonucleases considered in this study, this
HNH OSM has not been demonstrated to provide endonuclease function for any Retroid agent to
date. The group II introns are self-splicing, transpose through an RNA intermediate and in the
case of the retrointrons, encode RT. Therefore, the possibility that other RT containing
sequences could also contain this putative endonuclease OSM exists and is considered in this
study.
The four endonuclease functions investigated in this study include a retroviral-like IN, a
putative HNH endonuclease function observed in the retrointrons, a protein with sequence
similarity to the cellular apurinic-apyrimidinic endonuclease (APE) and a region with similarity to a
variety of restriction endonucleases that will tie called the proline-aspartic acid-aspartic add
(POD) endonuclease (fig. 2). A set of distantly related retroposon sequences has tieen analyzed
for the presence of these endonuclease OSMs. Amino acid alignments were generated to reveal
the OSMs characteristic of the IN, HNH, APE and PDD endonucleases. The spliced leader
associated conserved sequences (SLACS) of T. brucei, the cruzi-assodated retrotransposon
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Figure 1. Schematic of the Relative Positions of Endonudease OSMs Previously Obsenred in Various
Retroposons. Both the position and the source of the endonuclease was known to be variable among the
retroposons. Some retroposon sequences were known to contain the APE OSM upstream of the RT/RH domain
while other retroposons were known to contain the OSM of IN In varying positions within the genome (76,32,75,
51,29,8,59,30). Soon after this projed began the PDD endonudease was identified as providing the
endonudease function for the retroposon R2BM (78). This PDD endonudease signature was observed
downstream of the RT in the SLACS, CZAR and CRE1 retroposons.
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Table 1 Sequences and the Putative Endonuclease Functions they Contain
Sequence
Designator
SLAG

Accession #

Source

APE

IN

HNH

+
Trypanosoma brucei
gambiense
M33009
CrShkSa fysact^ata
CRE1
+
U19151
Crithidia fasciculata
CRE2
+
Trypanosoma
cruzi
CZAR
M62862
Bombyx man
R2BM
M l6558
♦
+
4"
Trypanosoma brucei
INGI3*
M16068
+
4+
Trypanosoma brucei
X05710
TRS 1.6*
+
♦
4"
Trypamsoma brucei rtmdiense
MVAT4
AF068693
+
Bombyx mon
R1BM
M l9755
+
Drosophila teissieri
1.factor
M28878
+
Zea mays
CIN4
Y00086.1
+
Trypanosoma cruzi
LITc
X83098
4M81955
Homo sapiens
HSAPE
P0707
P07074
coliphage T4
+s
P3228
coliphage T4
+s
P32283
Pseudomonas aeruginosa
+s
S3027
S30271
Plasmodium fakâparum
S4001
S40013
+s
+
J02029
Human T-ceil Lymphotropic
HTLV
Virus Type 1
4AFG33818
Bovine Leukemia Virus
BLV
4M11841
Simian Type D Virus 1
SRV1
4VISNA
M60609
Visna Virus
4M l5654
Human Immunodeficiency Virus
HIV1
T yp el
4RSV1
X68524
Rous Sarcoma Virus
4Moloney Murine Leukemia
MMLV
AF033811
Virus
Flavobacterium okearujkoites
FOK1
M28828
+ Indicates presence of the OSM associated with the endonuclease function indicated.
+S Indicates previously published non-retroposon sequences (77)
* A “D” in front of these designators identifies the partial duplication of the IN OSM.
X I7078
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(CZAR) of Trypanosoma cruzi, and crithidia retrotransposable elements one (CRE1) and two
(CRE2) of Crithidia fasacuiata (SLACS-like) retroposons encode both the IN OSM and the POO
endonuclease. The PDD OSM is found embedded within the MIRs of the ribonuclease H (RH)
OSM (fig. 2) (see table 1 for a complete list of sequence designators). Moreover, the sequences
of three closely related T. brucer sequences; INGI3, TRS1.6 and MVAT4 (INGI-like) retroposons
were observed to encode the OSMs representative of three different endonucleases functions;
the IN, the HNH endonuclease and the OSM of APE. The HNH endonuclease OSM is found
embedded within the MIRs of the IN OSM, (fig. 2).

Closely Related Endogenous Retroviral Sequences
The nucleotide variation within sequences can tie analyzed in detail to assess evidence
of the selective forces acting on the elements. Initial otiservations showed that certain genes
encoded by the ERV sequences appear to tie better conserved than others are. Therefore, I
predicted that selection is acting at the genomic level in the ERV sequences and is tiased on
differential reproductive success tietween elements. Such selection is referred to as interelement
selection (44, 62). Otiserved ERV nudeotide variation is tested against the predidions of the
neutral theory of evolution to determine whether interelement selection has shaped ERV
sequence variation. The neutral theory of evolution describes a process where all substitutions
occur through random genetic drift without influences from natural seledion. The hypothesis
proposed would be supported by evidence that not all of the genes making up the ERVs are
operating under the predictions of the neutral theory of evolution. The results of these analyses
are not statistically significant according to the results of the t-test employed with infinite degrees
of freedom and therefore, failed to determine what types of selection are occurring.

Database Searching
Given that bioinformatic sequence analyses rely on the ability to extract biological
information from pre-existing data, these analyses often begin with a database search. Each of
the projects undertaken in this thesis began with just such a search of the GenBank database
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maintained by the National Center for Biotechnology Information (NCBI). Efficient searching
techniques allow meaningful infonnation to be extracted from the sequence data available but the
ease with which datatiase searches can be conducted is deceptive. Care must be taken in both
the design of an effective searching strategy and interpretation of the results. Two types of
database searches can be employed: text-based searching and sequence homology searching.
Text-based searching, such as the use of a gene name to perform a keyword search, is
an obvious starting point for any project but it is important to remember the limitations of this
searching strategy. The results of text-based searches are a direct reflection of the quality of the
text and the annotations in the datatiase being searched. As the age of the data increases, the
annotations may become less accurate. Searching for information can also be hindered by a lack
of consistency in the terminology used in the literature, particularly if work is tieing conducted
within different scientific fields (10). The shear amount of data being generated by highthroughput genomics contributes to the protWem of annotations that fail to reflect the true nature
of the sequences (41).
A more efficient way to identify and retrieve potentially homologous sequence data is by
conducting a sequence homology search. The basic local alignment search tool (BLAST) is
available to search GenBank, one of the most complete public datatiases available
fhttp://www.ncbi.nlm.nih.aov/BLAS'n (2). Despite comparison studies demonstrating the
superiority of the Smith-Waterman algorithm, BLAST is among the most widely used alignment
algorithms for database searching. The Smith-Waterman algorithm requires time proportional to
the product of the lengths of the sequences being compared. The BLAST algorithm is 10-100
times faster than Smith-Watennan and produces nearly comparable results in terms of the
sequence similarities identified (1, 2, 67). Several factors, including the database queried, the
substitution matrix utilized and the BLAST program implemented, must be considered when
conducting a BLAST search.
The database that is searched should be as complete and up to date as possible. The
sequence data available at the GenBank is categorized into a number of smaller databases, such
as the swissprot database that contains the last major release of the SWISS-PROT protein
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sequence database. The most comprehensive database available for searching at the NCBI is
the non-redundant (nr) database and includes all non-redundant sequences from GenBank, the
European molecular biology laboratory (EMBL), the DNA data bank of Japan (DDBJ) and the
protein data bank (PDB) (httpV/Www.ncbi.nlm.nih.gov/BLAST/blast_databases.html)

Excluding

redundant sequences from the resulting nr database reduces the chance of bias that can result
from redundancy and increases the speed with which a search can tie conducted.
BLAST searches conducted at the NCBI utilize an amino add sutistitution matrix. The
Percent accepted mutation (PAM) 250 matrix has proven effective in identifying distantly related
retroviral sequences in the past and was used extensively at the tieginning of this project (58).
The results of comparison studies support the superiority of the BLOSUM distance matrix over
the PAM distance matrix (38,67). As a result, many PAM matrices induding PAM250 are no
longer available for BLAST searching at the NCBI. The default substitution matrix is the blocks
substitution matrix (BLOSUM) 62. Of the substitution matrices currently available for sequence
homology searching at the NCBI, BLOSUM62 is suitable for deteding most weak protein
similarities (http://www.ncbi.nlm.nih.g0 v/BLAST/matrix_info.html#matrix).
Several types of BLAST programs are availatile for searching at the NCBI. The default
program, blastn, compares a nudeotide query sequence against a nudeotide sequence database
(http://www.ncbi.nlm.nih.gov/BLAST/blast_program.html). Protein searches are usually more
effective when attempting to search for distantly related sequences and can be conduded using
blastp, which compares a protein query sequence to a protein sequence datatiase. Nudeotide
databases contain more sequence data than found in the protein databases, making nucleotide
database searches more comprehensive. In order to consider the greatest amount of data
possible while still searching for protein signatures in the form of an OSM, the ttilastn program
should be employed. The ttilastn program compares a protein query sequence against a
nucleotide sequence database dynamically translated in all six reading frames. The tbiastx
program compares a nudeotide query translated in all six reading frames against a nudeotide
database translated in all six reading frames and might be an excellent choice to otitain initial
data about a new sequence. Unfortunately, the ttilastx program is not availatile in conjunction
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with the nr database on the BLAST web page due to the computational intensity of such searches
(http://www.ncbi.nlm.nih.gov/BLAST/blast_prcgram.html).
Iterative BLAST programs are very attractive searching tools with the ability to identify
homologs that would go undetected by other methods. However, extreme caution must be taken
in interpreting the results of these searches (11). Position-specific iterated (PSI) BLAST begins
with a single query sequence being used to search against the database (3). Significant hits are
initially defined by a threshold cut-off score, but the operator has the option of including or
excluding any sequence retrieved from subsequent searches. Both the original query and the
sequences selected by the operator are used as the training set from which an alignment is
generated and a profile is built. This profile is then searched against the database to obtain
additional sequences that can be included and used to generate a new alignment. This process
can be repeated, at the discretion of the operator, until convergence is achieved, i.e. no new
sequences are retrieved. The profile built is based on the assumption that all of the sequences
being aligned belong to the same family. When unrelated sequences are mistakenly included,
the resulting expect value (E value) scores will be misleading. The E-value is used to report the
significance of the matches, but the E-value otitained by PSI-BLAST is based on the significance
of the match to the training set used in the previous iteration and does not necessarily reflect any
significant match to the original query sequence. This results in an E-value that can increase with
each iteration, as homologs of the erroneously included sequence are incorporated into
subsequent iterations (26).
Pattern-hit initiated (PHI) BLAST allows a search to tie conducted using both a query
sequence and a defined motif (90). This is an obvious choice when searching for a protein with a
well defined OSM. By limiting the search parameters to only those sequences encoding the OSM
of interest, a large portion of non-infonmative hits can tie excluded. The results of sutisequent
iterations however, should tie viewed with the same skepticism employed in assessing PSIBLAST results.
Once collected, sequence data can tie analyzed by different methods. The sequences for the
two projects undertaken in this thesis required different types of analyses. Protein
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sequence alignments were necessary to determine the presence of the OSMs representative of
endonuclease functions in the distantly related retroposon sequences. The molecular population
genetics studies conducted on the closely related ER V sequences required both protein and
nucleic acid sequence alignments to be generated to calculate the rate of synonymous versus
non-synonymous substitutions and determine the selective pressures acting on these sequences.
The analyses and the results obtained for each of these studies are discussed further in chapters
two and three.
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CHAPTER 2

RETROPOSON SEQUENCES CONTAINING MULTIPLE ENDONUCLEASE OSMS
The work of Margaret Dayhoff led to the observation that protein sequences greater than
30% identical consistently meet the criteria for homology. Monte Carlo simulations compare
alignment scores of observed sequences to randomized (shuffled) sequences and were used
extensively to demonstrate the validity of the Dayhoff homology criteria (5). Homologous proteins
generally retain the same function throughout evolution. As a result, common function can be
predicted if homology can be established between two genes (23). The sequences of
homologous proteins can diverge greatly overtime without significant changes in the structure or
function of the proteins. Once sequences fall below 30% identity at the protein level, homology
becomes more difficult to establish, but inferences can be made about uncharacterized proteins
when significant sequence similarity to a characterized protein is detected in the form of an OSM
(1,5 8).
The Retroid agents include all genetic elements that encode a potential RT. The
retroposons, a subset of the Retroid agents, are nuclear transposable elements, most of which
lack long temninal repeats (LTRs) (59). The retroposons can be further divided into those that
insert into the host genome at specific target sites and those that insert in a non-sequence
specific manner. For example, CRE1 is a retroposon that inserts at specific sites within the
tandemly arrayed miniexon genes of the host genome, Crithidia fasciculata (35). In contrast,
mammalian long interspersed nuclear elements (LINES), such as Human L1 element, are found
distributed throughout the genome and lack insertion site specificity (78).
In comparison to the retroviruses and the retrotransposons, the gene complement of the
retroposons is more varialile (58). Three genes common to all retroviruses are gag encoding the
structural proteins; pol, providing the enzymatic functions; and the envelope gene, env, supplying

13
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the glycoproteins that recognize and bind to the host cell surfoce receptors. The order of these
genes is unvarying within the retroviruses. The retroviral structural and enzymatic genes are
translated as a gag-pol polyprotein. In general, pol of the retroviruses encodes the aspartic acid
protease (PR), the RNA-dependent-DNA-polymerase (RDDP) and the integrase (IN). Proteolytic
processing of the polyprotein results in the formation of three proteins, the PR, the RDDP and the
IN. The RDDP is composed of two functional domains, the RT and the RH. The RH degrades
the viral RNA as it is reverse transcribed into double-stranded DNA by the RT. The retroviral IN
provides the endonuclease function, catalyzing the key chemical steps in retroviral integration into
the host genome of the double-stranded DNA produced by reverse transcription. The RT/RH
domains and the IN protein of retroviruses have well characterized OSMs involved in catalysis, as
verified by X-ray crystallography (19, 25, 50). Most retroposons are known to encode a RT, an
endonuclease and some also have a RH domain. Both the position within the genome and the
source of the endonuclease function, which may be provided as an IN an APE or the PDD
endonuclease, are known to vary among the retroposons (fig. 1 ), have led me to hypothesize that
a single retroposon sequence may contain the OSM of more than one endonuclease. In addition,
the OSM of a fourth endonuclease, the HNH, is observed in certain retrointron sequences. This
HNH endonuclease has not been experimentally demonstrated to function for any Retroid agent
to date but the presence of this OSM within retrointron sequences suggested that other Retroid
agents might also contain the HNH OSM. A set of distantly related retroposon sequences was
collected and aligned in an effort to identify the OSMs of each of these endonucleases.
The retroviral IN is made up of three structural domains. The first IN structural domain is
a zinc-finger binding region defined by a histidine-histidine-cysteine-cysteine (HHCC) motif near
the amino terminus (13, 42). The second structural domain of the IN is the catalytic core,
containing three non-contiguous motifs that conserve the canonical aspartic acid-aspartic acidglutamic acid (DDE) residues of the polynucleotidyl transferases (25, 29). Among the
retroviruses, the aspartic acids characterizing the catalytic core of the IN are separated by thirtynine to fifty-eight amino acids and the aspartic and glutamic acids are separated by approximately
thirty-five amino acids. Experimental evidence suggests that residues involved in DNA binding
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are located at the cartioxy terminal, comprising the third IN structural domain (18). W hile these
three stuctural domains are conserved among integrases of both retroviruses and retroposons,
the OSM of IN is found within structural domains one and two. Among the retroposons, the
C2AR of Trypanosoma cruzi (87), SLACS of T. brucei, the CREs of Crithidia fasdcufata (35, 81)
and the INGI3 factor of T. brucei (58), all contain retroviral IN-like sequences. These sequences
are observed in varying positions within the genome with the IN OSM observed downstream of
the RT/RH domain in the INGI-like sequences and upstream of the RT/RH domain in the SLACSlike retroposons (fig. 1) (8 , 35, 59, 87).
The OSM of the HNH endonuclease has been observed in both the group I introns and
the retrointrons. Unlike the group II introns, the self-splicing group I intron sequences do not
contain the RT. The common HNH endonuclease OSM is the first evidence of homology
between the group I and group II intron sequences (37, 77). The retrointrons encode RT and
zinc-finger-like domains similar to the one observed in retroviral IN sequences. These similarities
suggested that the HNH endonuclease signature might also be present in RT containing
retroposon sequences. The HNH OSM is composed of three motifs conserved between the
group I introns and the retrointrons. A sub-motif conserved only in retrointron sequences is
observed upstream of the three core motifs that define the OSM of the HNH endonuclease (37,
77).
APE

IS

yet another type of endonuclease function encoded by some retroposons. The

APE enzymes are involved in DNA repair and are found in both eubacteria and eukaryotes. The
cellular APEs recognize modified purine or pyrimidine residues in the DNA called AP sites.
Hydrolysis of the adjoining phosphodiester bond permits an exonudease to remove the residue
immediately adjacent to the damaged residue instigating re-synthesis of the excised sequence
(48). Several retroposons have been shown to encode an APE-like domain and APE activity has
been demonstrated for at least one of these, the L I element of 7. cruzi (LITc) (6 6 ). Regions
similar to the cellular APE are also found upstream of the RT domain in the R1 element of
Bombyx mori (R1BM) and in some other LINE-like retroposons (fig. 1) (32, 33, 56).
The L IT c element is present in high copy number and dispersed throughout the genome
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of T. cruzi (56,

6 6

). Alignment of open reading frame (ORF) 1 of L IT c to proteins belonging to

the APE family revealed several highly conserved regions in similar positions. The ORF1 of L IT c
is most similar (20.3% identity in a 212 amino acid fragment) to the Apl-human protein, a
member of the APE family of repair enzymes (56). The presence of the OSM representative of
APEs suggested that human LI might also encode an APE-like function. The human LI does
encode an endonuclease but this function shows no preference for AP sites (32).
Finally, a region of similarity was otiserved between restriction endonucleases and
certain non-APE encoding retroposons that exhitiit insertion site-specificity. The common motif
lysine/arginine-proline-aspartic acid-xl 2-19-aspariic add/glutamic acid (PDD motif) characterizes
this region. Mutations to the first invariant aspartic add residue of the PDD motif in R2BM
eliminated DNA deavage of the host genome without affecting binding of the R2BM protein to the
DNA or target primed reverse transcription (89).

Sequence Collection
Retroid nudeotide sequences included in this study were identified using the NCBI's
ungapped, advanced BLAST available on the NCBIs web site (2) (see Table 2 for a summary of
the BLAST searches conducted). Conceptual translations of the Retroid sequences were used
as query sequences in subsequent BLAST searches. BLAST searches were conducted using
the tblastn algorithm which compares a protein query sequence against a nudeotide database
dynamically translated in all six reading frames using the PAM250 distance matrix (21). Iterative
BLAST searches utilizing the PSI BLAST (3) and PHI BLAST (90) search programs were
accomplished to identify sequences containing the PDD OSM. The entire ORF encoding the
PDD and just the region encoding the OSM of the PDD endonudease were used for these
iterative BLAST searches. PHI BLAST searches are conduded with a defined motif in addition to
the query sequence. The defined motif [KRJ-P-D-x(12,19)-[DE], which is observed in the
previously published PDD encoding sequences was used for the PHI BLAST searches (89).
Additionally, the motif [KRJ-P-D-x(12.16)-[DEJ, which better refleds the motif observed in the
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Table 2 BLAST Searches Conducted

tbistn’’

IN

HNH

APE

POD*

RH

SLACS
INGI3
TRS1.6
MVAT4
HTLV
HIV1

INGI3
TRS1.6
MVAT4
P0707
S3027
S4001

SLACS
CRE1
CRE2
CZAR
INGI3
TRS1.6
MVAT4
1.factor
HSAPE
L IT c
R1BM

R2BM
SLACS
FOK1

INGI3
TRS1.6
MVAT4
SLACS
R2BM
HIV1

R2BM
SLACS
FOK1
R2BM*
PHI BLAST®
SLACS*
FOK1*®
See table 1 for a list of sequence designators. BLAST searches were conducted at
http://www.ncbi.nlm.nih.QOv/BLAST/. The nr database was queried in every BLAST search
conducted. Query sequences were limited to the portion of the sequence containing the OSM of
interest unless otherwise indicated.
T h e PAM 250 substitution matrix was employed for every search using the tbiastn program.
^Separate BLAST searches to identify sequences containing the POD signature were conducted
using the entire ORF containing the POD signature and just the portion of the sequence
containing the POD.
Bpsi and PHI BLAST searches were conducted at default parameter settings employing the
BLOSUM62 sut)Stitution matrix because the PAM250 substitution matrix is not available in
conjunction with iterative searches.
*The motif [KR]-P-D-x(12,19)-[DEJ. which is observed in the previously published POD encoding
sequences was used for the PHI BLAST searches with the % B M , SLACS and FOK1 sequences
(89).
T h e motif [KR]-P-D-x(12,16)-[DE], which better reflects the motif observed in the previously
published POD encoding retroposon sequences was used in conjunction with the FOK1
restriction endonuclease query sequence.
PSI BLAST®
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previously published POO encoding retroposon sequences was also used in conjunction with the
FOK1 restriction endonuclease query sequence.

Sequence Translation and Alignment
Sequences for these analyses were otMained from EMBUGenBank, Swiss-prot and
protein information resource (PIR) (tattle 1). Nucleic acid sequences otttained from
EMBUGenBank were translated in all six reading frames using DNA workttench (84). Initial
multiple alignments of the amino add sequences for the IN, HNH, APE and RH alignments were
generated using the CLUSTAL W program (83). CLUSTAL W was run with the default gap
penalty options and the PAM distance series. More distantly related sequences were multiply
aligned, induding pre-alignment of the more dosely related suttsets, using the program of Feng
and Doolittle (31). A comparison study of the available multiple alignment programs
demonstrated the superiority of this program for alignment of distantly related sequences (61).
This multiple alignment program was run with an unpublished parameter that allows the user to
increase the weight of the matches. Alignments were generated with this weighting option set at
values of 2 and 3. The automated alignment that t)est aligned the OSM of the given protein dass
was manually adjusted on a sequence by sequence basis to minimize gaps and maximize identity
and similarity matches to produce a final alignment. Manual refinement of computer generated
alignments is accepted as an essential final step in the generation of multiple sequence
alignments of distantly related sequences (58).

Hardware
Analyses were performed on SUN Ultras (1/140 and 1/170) or SPARC stations (4, 5 or
10/514MP) running SUN OS Release 5.5 or 5.6.

Results
Analyses to identify and align the OSMs representative of four different endonuclease
functions encoded by the retreposons have been conducted. Two unexpected observations that
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may lend insight into the complexity of endonuclease evolution and function were m ade during
the course of these analyses. First, a partial duplication of the IN OSM was found preceding the
complete OSM of the IN in the INGI-like retroposon sequences. Second, the OSMs characteristic
of the FDD and HNH endonucleases are found embedded within the sequences of other
functions. The results of these analyses are presented here.

Retroviral-like Integrase Alignment
The OSM of the IN is made up of four motifs. Motif I is composed of two sets o f
conserved residues, I, and lb (fig 3). The region corresponding to I, conserves two histidine
residues, H-X3 .4 -H, while region lb conserves two cysteine residues separated by two variat)le
amino acids, C-X2 -C. Motif I corresponds to the zinofinger binding domain specific to the Retrokf
agents while the conserved DDE residues of motifs ll-IV are common among tx)th the Retroid IN
sequences and the polynucleotidyl transferases. Retreposons that completely conserve the OSM
of IN include the SLACS-like and the INGI-like retroposon sequences (fig. 3). The INGI-like
sequences encode the OSM of the IN downstream of the RT/RH domains, as is observed for the
retroviruses. In contrast, the SLACS-like retreposons encode the OSM of the IN upstream of the
RT/RH domains, as seen in the copia retrotransposons. In addition to the complete OSM of the
IN. the sequences designated as DINGI3, DTRS1 . 6 and DMVAT4 are duplications, which
conserve the first two motifs of the IN OSM. These duplications immediately precede the
complete IN OSM in all three INGI-like retroposon sequences (fig. 3). The INGI3 sequence
encodes both the duplication and motifs I and II of the complete IN OSM in ORF1. Motifs III and
IV of the intact IN OSM are observed in ORF2 of INGI3. TRS1.6 encodes tx>th the partial
duplication of IN and the complete IN OSM in ORF2. The IN duplication encoded by MVAT4 is
interrupted by a frame shift from ORF2 to ORF1 while the complete OSM of IN is found
downstream of the duplication in ORF1 (fig. 2).

HNH Endonuclease Alignment
The HNH OSM of the INGI-like retroposons is emt>edded in the MIRs of the IN OSM (fig.
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3). The first invariant histidine of the HNH OSM overlaps with region I, of the IN OSM (fig. 3).
Alignment of the three INGI-like retroposon sequences to a previously published HNH alignment
(77) shows that the INGI-like HNH OSM contains inserts in the T. brucei sequences relative to the
bacterial endonucleases (fig. 4 ). The frame shift interrupting the IN OSM of INGI3 occurs after
the OSM of HNH, which is encoded entirely in ORF1 (fig. 2). The bacterial group II intron
designated as S4001 is one of six previously published retrointron sequences that encode a C-XzC motif upstream of the HNH OSM. The conserved C -x rC motif encoded by the retrointrons is

proposed to be part of a zinc-finger-like region similar to the amino-terminal of retroviral IN
domains (64). This C-Xz-C motif is also present in the INGI-like retroposons. In addition to the
HNH OSM and the C-Xz-C motif, other residues are also conserved between the two sets of

sequences (fig. 4).
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Figure 4. HNH Alignment. Alignment of the HNH motif proposed to define a family of bacterial endonucleases. Set 1 1s
made up of HNH containing sequences previously published (77). Set 2 consists of the three T. brucei sequences. The
HNH signature conserved by the INGI-like retroposons is interrupted by two inserts relative to the previously published
bacterial endonucleases. Asterisks denote the highly conserved residues of the HNH OSM. Residues appear bold if they
are identical between sets 1 and 2. If an identical match is present between sets 1 and 2, conservatively substituted
residues, according to the scheme defined In figure 3, also appear bold. All other designations are as defined In figure 3.
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Apurinic-Apyrimidinic Endonuclease Alignment
The OSM of the APE is made up of seven motifs. Each motif has one to two amino add
residues that are completely conserved between the retroposons and the human APE
sequences. These invariant residues are conserved in the INGI-like retroposon sequences with
one exception; an isoleudne has been substituted for the tyrosine residue characteristic of motif
IV in the TRS1 . 6 sequence. Other conserved residues surrounding the substituted tyrosine are
observed in motif IV of the TRS1 . 6 sequence (fig. 5). INGI3 encodes the OSM of APE in ORF2
upstream of the RT OSM found in O RF1, however, the sequence is interrupted by two stop
codons. Both TRS1.6 and MVAT4 encode the OSMs of APE and RT in ORF2 but in MVAT4 the
APE and RT domains are separated by a stop codon (fig. 2).

POD Endonudease Alignment
R1BM and R2BM are retroposons found in 8 . mori. Unlike R1BM, the sequence of
R2BM lacks homology to APE and the identity of the endonudease domain encoded as part of a
large multifunctional RT protein was undear (32). Analogous to the retroviruses, the
endonuclease adivity in R2BM was observed to reside in a region downstream of the RT adKrity
(8 8 ). Recently, sequence similarity in the form of a conserved PDD motif was observed between
the R2, SLACS, CZAR and CRE1 retroposons and a region conserved in a variety of restridion
endonucleases (89). The retroposon sequences induded in the published PDD endonudease
alignment (89) were colleded, conceptually translated using the DNA workbench program (84)
and aligned using the CLUSTAL W program (83). There are two regions conserved by the R2
and SLACS-like retroposons that are not present in other retroposons (fig.

6

, region A and region

B). Only one of these, charaderized by the conserved PDD motif, is shared between the
retroposons and the restriction endonucleases (fig. 6 , region B). Site direded mutagenesis has
demonstrated that region B residues are involved in the endonudease activity of R2BM (89).
Whether or not region A is also involved in this endonudease adivity has not been detenmined.
The OSM of the PDD endonuclease was identified in the retroposon CRE2, however, a leucine
has been substituted for the highly conserved proline in the PDD motif in this sequence (fig. 6 ).
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Figure 5. Apurlnic Apyrimidlnic Endonuclease Alignment. Alignment of sequences with the OSM of APE. Set 1 1ncludes two
sequences Known to encode APE activity, the human APE (HSAPE) and the LITc. Set 2 Includes RIBm and three T. brucei sequences.
The values In parentheses corresponds to the number of residues removed from the sequence for purposes of display. Residues
corresponding to the seven motifs making up the OSM of the APE are Indicated with black bars and roman numerals. Residues appear
bold If they are Identical between sets 1 and 2. If an Identical match Is present between sets 1 and 2, conservatively substituted residues,
according to the scheme defined In figure 3, also appear bold. All other designations are as defined in figure 3.
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Although INGI-like sequences also conserve the Cysteine-Cysteine-Histidine-Cysteine (CCHC)
motif of region A specific to the PDD retroposons, no other similarity to regions A or B could be
detected (fig. 6 ).
The conceptual translation of the CRE1 sequence deposited in GenBank revealed a
frame shift between the CCHC motif and the PD conserved by the PDD endonuclease. This was
the result of a sequencing error and I thank Dr. Abram Gabriel of Rutgers University for providing
the corrected sequence (personal communication). Conceptual translation also resulted in the
SLACS sequence encoding a Cysteine-Cysteine-Histidine-Glycine (CCHG) motif in the position
where it was previously reported to encode a CCHC motif (89).
The R1 BM and R2BM retroposons encode different putative endonuclease functions.
R1BM encodes the OSM of APE upstream of the RT domain, while R2BM encodes a PDD
endonuclease activity downstream of the RT domain (fig. 2). The fact that these closely related
sequences encode different endonuclease functions in different locations within their genomes
necessitated that I look closely at these sequences for evidence of multiple endonuclease
functions in the form of the motifs that comprise the OSMs of these functions. The OSMs were
not detected by any automated means, nor were they identified by a manual inspection of each
sequence for the individual motifs comprising the OSMs of interest. No indication of potential
multiple endonuclease functions, even in the form of disrupted or degenerated OSMs, was
observed in any ORF within these

6

. mon sequences.

My attempts to duplicate the results of iterative BLAST searches, which revealed the
relationship between R2BM and the PDD encoding restriction endonucleases, failed. These
searches were repeated with the low-complexity filter turned off and all other settings left at
default when it was observed that the second aspartic acid of the PDD motif encoded by R2BM
was part of a region being subjected to low-complexity filtering to reduce the likelihood of artificial
hits. The iterative BLASTs conducted for R2BM were repeated using SLACS, which does not
encode low-complexity regions in conjunction with the motifs of interest. No search, conducted
v/ith either R2BM or SLACS, retrieved restriction endonucleases encoding the PDD motif.
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BLAST searches using FOKI did retrieve other restriction endonucleases but no retroposon
sequences were obtained.

Ribonuclease H Alignment
R2BM and the SLACS-like retroposons were all found to encode the PDD motif
downstream of the RT domain (fig. 2 and fig. 6 ). In the SLACS-like retroposons, this region
contains the RH OSM. Using the sequences of regions A and B to anchor the alignment of the
analogous region in R2BM revealed a divergent RH OSM (fig. 2 and fig. 6 ).
The RH provides the endoribonuclease function for the retroviral process involved in
forming the double-stranded DNA provirus from the single-stranded RNA sequence. The OSM of
the RH is composed of four conserved motifs. The potential RH domains of the PDD encoding
retroposons were aligned to the RH domains of retroviruses as well as RH encoding retroposons
that do not encode the PDD endonuclease (fig. 6 ). This alignment revealed that Region A, in the
PDD encoding retroposons, is present as a MIR separating motifs I and II of the RH OSM. A
glutamic acid is conserved among the retroposons just prior to the PDD motif and this conserved
residue is the invariant residue defining motif II of the RH OSM. Region B is both an insert
separating motifs II and III of the RH OSM and a region of overlap between the RH OSM and the
PDD OSM. The second conserved aspartic acid of the PDD motif in Region

8

corresponds to the

invariant aspartic acid characteristic of motif III of the RH OSM that is known to be part of the
catalytic site of the RH (19, 46).
A critical histidine residue is conserved within the RH OSM of several host and viral
organisms. Histidine^® of HIV1 is one of seven residues completely conserved among the
lentivirus sequences (19, 24). Mutations to the corresponding histidine residue (histidine'^^) in
the RH of E. coli reduced substrate-binding affinity and catalytic rate (45). Similarly, mutation of
histidine^^^in HIV-1 greatly reduced RH and DNA pol activities (74). The RH alignment revealed
that this critical histidine residue is present in all of the retroposons included with the exceptions
of CIN4 and CRE1 (fig. 6 ).
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Discussion
This study has focussed on the identification of multiple putative endonuclease functions
observed in certain retroposon sequences. Multiple sequence comparisons, in the form of amino
acid alignments, have been conducted to detect the OSMs representative of four different
endonuclease functions previously ot)served among the Retroid agents. The resulting alignments
clearly support the possibility of multiple endonuclease functions.
When the OSM and function of a given sequence are known, this infomnation can be
used to predict the function of sequences with similar OSMs (58). The OSMs of IN and APE are
well characterized and can provide strong evidence in support of putative endonuclease functions
in the retroposon sequences. Both IN and APE functions have been demonstrated for members
of the Retroid family (18,

6 6

). The OSMs of the HNH and PDD endonucleases were identified in

retroposon sequences more recently and have not been studied as extensively as the IN and
APE (37, 77, 89). It is interesting that while most retroposon sequences do possess a single
endonuclease function in the form of an IN or an APE, the INGI-like and SLACS-like retroposons
encode multiple potential endonuclease functions. Any benefit that this redundancy may provide
is not yet known but it is possible that different endonucleases may be utilized depending on the
environmental conditions the organism encounters. The multiple sequence alignments generated
reveal evidence of gene rearrangement, gene duplication and potential acquisition of
endonuclease functions from eubacteria.

Retroviral-like Integrase
The OSM of IN is made up of four motifs that are completely conserved among the INGIlike and SLACS-like retroposons. Analogous to the retroviruses, the OSM of IN is observed
downstream of the RT domain in the INGI-like retroposons. In contrast, the IN OSM is observed
upstream of the RT domain in the SLACS-like retroposons, an arrangement that is also observed
in the Cop/a-retrotransposons and the petunia vein clearing virus (70). The observed variability in
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position is evidence of gene rearrangement or modular evolution. Modular evolution refers to the
aquisition of an OSM or part of an OSM that confers protein function or structural integrity (57).
Information in the fonrn of an OSM or a portion of an OSM can be acquired by a numtier of
different means including transposition, translocation and recombination. Frame shifts are
observed in both the IN of INGI3 and the IN duplication of MVAT4 and could be indicative of
disruption or divergence of the IN.

Observed IN Duplication
Ancient gene duplications have been recognized as a driving force behind the diversity
observed within gene families and the origination of new functions (see (36) for a recent review).
The fates of duplicated genes tend to follow one of several well-documented paths. Both gene
copies may retain similar functions, as observed in the globin family. The two gene copies may
function in concert, as seen in the aspartic add proteases. Finally, the most likely result of gene
duplication will be for one gene to retain function while the other diverges into a pseudogene or
evolves a new function. A duplication of the first two motifs of the IN OSM precedes the complete
OSM of IN in the INGI-like retroposon (fig. 3).
The IN motifs encoded by the duplication are less conserved, when compared to known
IN sequences, than are the motifs of the complete IN OSM. This observation, coupled with the
fact that the duplicated regions of both INGI3 and MVAT4 are disrupted by frame shifts suggests
that divergence of the upstream gene copy is occurring. The duplication is highly similar among
each of the three INGI-like retroposon sequences. The alignments generated support the idea
that both the duplication and at least some subsequent divergence of the motifs occurred in an
ancestor common to the three INGI-like retroposons. The partial duplication does not contain the
HNH endonuclease signature observed in the full length IN OSM, suggesting that the HNH OSM
was acquired after the duplication occurred.
The catalytic core of IN is defined by three non contiguous motifs that conserve the
canonical aspartic add-aspartic add-glutamic add (DDE) residues. The catalytic core of the
HIV1 IN has been crystallized. From this crystal, the catalytic core of the IN has been proposed
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to function as a dimer (25). The IN duplication observed in the INGI-like sequences extends
beyond motif three of the IN OSM but only conserves the zinc-tinger-binding domain (motif 1,^,)
and the first aspartic acid of the DDE that defines the catalytic core (Fig. 3). Given this, it is
unlikely that the IN duplication could fold properly or function as an IN alone. Perhaps it could
function, however, as a homodimer in conjunction with the intact OSM IN, albeit with only one
copy of motif IV. This possibility predicts that the size of these IN proteins would be significantly
larger than other retroviral INs.

Putative APE Functions in the INGI-like Retroposons
The sequence identities observed between ORF1 of LITc, a retroposon with
demonstrated APE activity and the T. brucei sequences supports putative APE activity.
Alignment of the INGI-like retroposon sequences to L IT c reveals that the most conserved
residues within each of the seven motifs defining the OSM of APE are completely conserved in
every sequence included in the APE analysis with the exception of TRS1.6 (fig. 5). The INGI-like
retroposon TRS1 . 6 has an isoleucine substituted for the highly conserved tyrosine residue
observed in motif IV of the APE OSM. This single substitution does not eliminate the possibility
that each of the INGI-like retroposons encodes a functional APE.

Putative Endonuclease Functions Embedded in Other Functions
The OSMs of two different putative endonucleases are observed embedded in the OSMs
of other functions. The HNH endonuclease OSM overlaps with and extends beyond motif I of the
IN OSM present in the INGI-like retroposons. Relative to the retrointron sequences, two
insertions have occurred within the MIRs that separate the most conserved amino acid residues
of the HNH OSM (fig. 4). The possibility of HNH endonuclease function exists but has not been
demonstrated for any Retroid agent to date.
Close inspection of the RH OSM reveals that the OSM of the PDD endonuclease function
is found as a MIR to the RH OSM (fig. 6 ). In addition, the second invariant aspartic add that
defines the POD endonuclease signature corresponds to the aspartic add conserved in motif III
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of the RH OSM. The OSM of the POD endonudease was previously identified in the R2
elements and the SLACS, CZAR and CRE1 retroposons. Mutations to the first invariant aspartic
acid residue of the PDD motif in R2BM eliminated endonudease function. These studies support
the involvement of the first invariant aspartic acid of the PDD motif in the assayed endonudease
adivity (89). Little else is known about the residues critical for this function and no other potential
endonuclease OSM has been identified in the R2 sequences. In contrast to the R2 elements, the
SLACS-like retroposons encode both the OSMs of IN and the PDD endonudease. The first
invariant aspartic add of the PDD motif is present in each of the SLACS-like retroposon
sequences, suggesting the possibility of a functional PDD endonudease among all four of the
SLACS-like Retroposons
It is not known if both the HNH endonudease and IN functions are viable in the INGI-like
sequences. Similarly, despite the requirement for an RH function to remove the RNA template
utilized in the reverse transcription process, RH function in the R2BM retroposon with
demonstrated PDD endonudease function has not yet been confirmed. It is possible that a
confonriational change in a protein containing both the RH and PDD OSMs could allow each of
these fondions to be expressed. The possibility of a conformational change in R2BM could be
considered further if the RH fundion is demonstrated for R2BM. In contrast to the RH function
that is known to be necessary for Retroid agents, any suggestion of a putative HNH
endonudease fundion for the retroposons is based entirely on observed sequence similarity.
There is no statistical support for homdogy between the HNH-encoding baderial endonudeases
and the retroposons nor has this fundion been demonstrated for any Retroid agent to date (37,
77).

Variability of ORFs and Stop Codon Implications
Frame shifts and stop codons are often considered indicative of a loss of function, but
this can not be applied to the retroviruses. Frame shifts to produce polyproteins and read through
of retroviral mRNA stop codons are known to occur during retroviral translation (18). In fad,
synthesis of most retroviral pol gene produds requires ritx)somal frame shifts to occur during
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translation of the gag-po/mRNA (17). Deletion and insertion events that result in a frame shift or
premature stop codon in retroviral sequences may lead to the loss of a function, may be
compensated for by the translational machinery to retain function or may even lead to the
acquisition of a new function or functions (57).
The APE OSM of the INGI3 retroposon is interrupted by two stop codons. A stop codon
is also ot)served between the RH and IN duplication of INGI3. Likewise, a stop codon is found
between the APE and RT in MVAT4. In order for the encoded proteins to be expressed as a
polyprotein analogous to what has been observed in the retroviruses, each observed frame shift
and stop codon in the INGI3 and MVAT4 sequences would have to be compensated for during
translation. As a result of the disruptions observed in INGI3, it has been suggested that INGI3
may actually t>e a pseudogene copy of a functional retroposon (49). In contrast, the TR S1 . 6
sequence has nothing to impede expression. Each of the putative functions observed in the
TRS1. 6 sequence is found in the same ORF and the TRS1 . 6 sequence is completely free of stop
codons.

Potential Ribonuclease H Functions
Evidence supporting putative RH function in the form of the RH OSM is observed in
R2BM, the INGI-like retroposons and the SLACS-like retroposons (fig. 6 ). Similarities to RH were
previously observed in the retroposon CRE1 (35). Conservation of histidine residues
corresponding to the critical histidine^ residue of HIV1 comtxned with the conservation of the
OSM between known RH domains supports the possibility of functional RHs for these retroposon
sequences (fig. 6 ) (74). To date, no experimental evidence has demonstrated RH activity in
R2BM, the INGI-like or the SLACS-like retroposons.

Convergence or Ancestry
The RNA genomes of retroviruses have mutation rates that are1-10 million times higher
than those observed in DNA-based organisms. The higher rate of mutation is the consequence
of higher rates of replication coupled with an error prone polymerase that lacks a proofreading 3 -
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5' exonuclease activity (6 , 57). As a population, these viruses exist as quasispecies, a
distribution of non-identical genomes (22). The variation observed in these populations can be
described as the result of an ability to explore sequence space (57). It is possitile that the
extensive exploration of sequence space could result in acquisition of a functional region that is
similar to an ancestral motif. Compared to the retroviruses, the evolution rate is more variable for
other Retroid agents. The R1 and R2 agents of Drosophila are changing at the same rate as
nuclear genes (27) while a copia retrotransposon, Ty1, can mutate as rapidly as a retrovirus (34).
As a result of increased mutation rates, genes may only conserve the amino add residues most
crucial for function, the OSM, of a given protein.
Theoretically, the presence of an OSM could be the result of the convergence of two
unrelated sequences as opposed to divergence from a common ancestor. Obtaining an OSM by
convergence would require the independent acquisition of each motif in the correct order, with
respect to the other motifs comprising the OSM. The probatxlity that an OSM is the remnant of a
common ancestor increases significantly as the size of the OSM increases. Thus, it is more likely
that an OSM is a remnant from a common ancestor, in which the unconstrained MIRs have
changed while the functionally or structurally important regions forming the OSM have been
conserved. The presence of an individual motif within a sequence or a small OSM, however may
be the result of convergence as opposed to ancestry. In contrast to the IN and APE OSMs, the
PDD and the HNH endonuclease signatures are smaller in terms of the numt)er of amino adds
conserved, are confined to a shorter region of sequence and are less well characterized within
the retroposon sequences. The possibility that these signatures are the result of convergence
exists. The PDD region in common between the retroposon sequences and the restriction
endonucleases is limited to a small portion of one of the two small regions conserved between
the SLACS-like and R2 retroposons (region B fig. 6 ).
Phylogenetic analysis based on the RT reveal that the SLACS-like and R2 retroposons
are polyphyletic (55). It is not known what relationship would tie revealed tietween these two
groups of retroposons based on phylogenetic analysis of the RH. The SLACS-like retroposons
are free of frame shifts and stop codons txith within and between the endonuclease signatures.
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Conservation of regions A and B of the POD endonuclease signature among both the SLACS-like
retroposons and the R2 elements may reflect common ancestry tietween these two groups or
may be the result of acquisition of the RH OSM between the R2 dade and the SLACS-like dade
(fig. 6 ). The first invariant aspartic add, shown to be critical for PDD endonudease function is
present in each of the SLACS-like retroposon sequences. The possibility of PDD endonudease
function among the SLACS-like retroposons does exist but it is important to note that unlike the
R2BM retroposon that was used to demonstrate PDD function, each of the SLACS-like
retroposons contains an undisrupted IN OSM.

Future Studies
A comprehensive phylogenetic reconstruction of these retroposon sequences can be
conduded to infer the phylogenetic relationships. The basic premise of these studies is that the
greater number of mutations required to change one sequence into another, the less related the
sequences are and the lower the probability of a shared common ancestor (54). The R T enzyme
is a logical choice for analyses of the Retroid agents because it is the only enzyme common to all
Retroid agents (58). More recently a study was conduded that generated phylogenies based on
the RT, the APE and the RH domains of certain retroposon sequences (55). Unfortunately, the
above mentioned study failed to indude any RH with PDD sequences, the APE of any SLACSlike retroposon or to consider any phylogeny based on the retroviral-like IN sequences. Further
analyses are needed to better address questions specifically related to the retroposons with
multiple putative endonudease signatures.
All phylogenetic trees are representations of the evolutionary relationships among either
a gene found in different organisms or the organisms themselves. Each sequence induded in a
phylogenetic reconstrudion represents a taxon, which is defined as a phylogenetically distind
unit on the tree. The tree is made up of branches and nodes. The nodes of a phylogenetic tree
represent the taxon, while the branches represent the relationship between the taxa. Branch
lengths may be drawn in proportion to the number of sequence changes required for that branch
distance to better represent the evolutionary distance between the taxa (80).
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Three different types of analyses are available for detemiining the phylogenetic
relationships among sequences; distance, maximum parsimony and maximum likelihood (80).
Distance methods produce all possible pairwise sequence alignments (each possible sequence
pair is aligned) to determine the sequences that are most similar to each other. The genetic
distance between the sequences is determined in the form of a distance score, which is then
used to predict the phylogenetic relationship between the sequences. The distance score reflects
the dissimilarity between the sequences and increases as the sequences become less similar.
The genetic distance of any two sequences is a direct reflection of the minimum number of
changes required to convert one sequence into the other. This method assumes that the
sequences treing compared share a common ancestor and that the actual number of changes to
produce the observed sequences can be predicted (54).
Unlike distance methods that rely on pairwise sequence comparisons, both the maximum
parsimony and maximum likelihood methods rely on multiple sequence alignments. The first step
in generating a phylogenetic reconstruction using either of these methods is the generation of a
multiple sequence alignment. The accuracy of the multiple sequence alignment is critical to the
generation an accurate phylogenetic tree (51, 57). Distantly related sequences are particularly
challenging to align and great care must tie taken to eliminate errors in the alignment that can
lead to incorrect tree phylogenies. Sequence alignments for phylogenetic tree generation can be
limited to the OSM regions conserved by the enzymatic function of interest, however, in order to
extract the maximum amount of information it is essential that the MIRs are correctly aligned and
included in the sequence alignments used for phylogenetic reconstruction. The MIRs can provide
valuable information about sub-class specific relationships and should be considered when
conducting phylogenetic analyses (57).
Multiple sequence alignments used for maximum parsimony analysis align the
corresponding amino adds vertically in columns. Phylogenetic trees requiring the smallest
number of changes to produce the observed sequences are generated for each aligned position.
The trees that require the fewest number of changes for all the aligned positions are identified as
the most parsimonious. The maximum likelihood method also considers the changes in each
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column of the multiple alignment, however, the likelihood of any expected tree is calculated based
on an expected model of change in the sequences. The likelihood of otraining the actual
sequence changes observed in each column is calculated for each possible tree. The
probabilities for each aligned position are multiplied to identify the maximum likelihood value,
which identifies the most probable tree (80).
Confidence in the phylogenetic trees generated increases when the same results are
obtained using at least two of the methods described above (80). Comparison studies indicate
that maximum likelihood typically outperfonns the method of maximum parsimony. The
superiority of maximum likelihood over maximum parsimony is not universal. Maximum likelihood
is very computationally intensive, limiting analyses that employ this method to twelve or fewer
sequences in most instances (52). With this in mind, maximum likelihood methods could be
employed to assess the relationships tietween retroposons and certain representative sequences
from other retroposon clades but maximum parsimony may be better suited to studies
considering large numbers of retroposon sequences. Maximum parsimony methods can be
utilized for comparison to any results obtained by maximum likelihood. Distance methods should
be employed for comparison with the results of larger studies utilizing maximum parsimony.

Bootstrapping Methods
Bootstrapping is used to estimate the statistical significance of the individual branches
within a phylogenetic tree. Bootstrapping is based on the concept of sampling with replacement.
The data are resampled by selecting vertical columns from the aligned sequences at random to
produce a new sequence alignment of the same length. Each column may be used once, more
than once or not at all to produce the new alignment. Trees based on the new alignment are then
generated (30). Artificial sequence alignments (100 are usually considered sufficient) are
generated and trees are produced from each of these. The bootstrap support refers to the
frequency of the otiserved branching pattems within the trees. Bootstrap values of at least 70 are
considered strong support fora correct branching pattem (51, 80).
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Phylogenetic reconstruction based on the RT enzyme have already been generated for
retroviruses and other Retroid agents, including the retroposons (55, 58). A phylogenetic tree
based on the RT should be used for comparisons with the results obtained using the other
enzymatic functions. Trees should also be generated for the IN, the APE and the RH.
Comparisons based on the complete gene sequence (OSM and MIR) are necessary to consider
the OSMs embedded within the OSMs of the RH and IN OSMs. These should be analyzed for
information regarding where the HNH containing IN sequences fall out in relation to the IN OSMs
that lack the HNH signal and where the PDD containing RH sequences fall out in relation to the
RH OSMs of the other retroposons. A number of phylogenetic reconstruction studies based on
the IN have already been conducted for certain Retroid agents (1 5 ,1 6 ,5 8 ). It would be
interesting to see if the phylogenetic reconstruction’s generated violate previous phylogenetic
findings.

Assays to Determine Function
Assays must be performed to identify the endonuclease functions that should be
considered for mutagenesis studies. These assays must be conducted to determine if the
proteins of the IN, HNH, APE and PDD OSMs are providing functional endonucleases capable of
generating strand breaks when added to a short double chain DNA fragments. After this has
been determined, point directed mutagenesis studies that target the amino adds conserved
within the endonuclease OSM can be conducted to determine how endonudease function is
impacted. These studies complement phylogenetic reconstruction studies and may result in a
more complete understanding of these retroposon sequences.
A previously descritied method to assess the DNA deaving activity of IN involves
monitoring a heterologous DNA substrate for evidence of endonudeolytic deavage in the form of
conversion of supercoiled plasmid DNA to nicked or linear DNA (76). Endonuclease activity
associated with the emtiedded HNH motif should also be determined. This endonudease
function has not yet been demonstrated for any Retroid agent to date but the endonuclease
activity and the role of transition metals in the HNH motif of colidn endonucleases have been
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determined using a Kunitz assay (6 8 ,6 9 ). Point directed mutagenesis of the IN OSM should
target the residues of the DDE defining the catalytic core. Further studies could target the
histidine or asparagine residues thought to be critical for HNH function. One or both of these
experiments may eliminate endonuclease functions and the results of these experiments should
provide a better understanding of the OSMs involved in endonuclease function.
The question of whether the APE-like endonuclease provides function that is specific for
AP sites, as observed in the cellular APEs, or if they lack specificity for these sites, as observed
in the human L1 could be addressed. This specificity can be determined by addition of the
purified protein to a short double chain DNA fragment with a single AP site. In a separate
analysis, the addition of the purified protein to a double chain DfviA fragment lacking an AP site
can also be assessed for nuclease activity (6 6 ). If endonuclease activity is detected for the APE,
residues such as the aspartic add conserved by motif VI or one of the serine-aspartic actdhistidine residues conserved by motif VII of the APE OSM could be evaluated by point directed
mutagenesis to determine if endonudease function is eliminated or diminished (fig. 5).
Analyses previously conducted to detennine endonudease function assodated with the
PDD motif for the retroposon R2BM induded point directed mutagenesis studies. Mutations to
the first invariant aspartic add residue of the PDD motif in R2BM eliminated DNA deavage of the
host genome without affecting binding of the R2BM protein to the DNA or target primed
transcription (89). This analysis should be expanded to indude a representative of the SLACSlike retroposons. In the CRE2 retroposon, the proline has been substituted for a leudne.
Consequently, it would be interesting to determine if endonudease activity assodated with the
PDD is present for this retroposon sequence. If no endonuclease activity can be deteded for the
CRE2 sequence, an additional SLACS-like sequence should be assayed. Evidence of
endonuclease fundion should be followed by targeting the first invariant aspartic add residue in
point direded mutagenesis studies to determine if mutations to this residue affed fundion, as
observed for R2BM in the previous study. In addition, the second conserved aspartic acid of the
PDD endonuclease, which is also conserved by motif III of the RH OSM, should tie targeted by
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point directed mutagenesis to determine how mutations to this residue impact endonuclease
function.
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CHAPTER 3

THE ENDOGENOUS RETROVIRUSES
Retroviruses can exist as either exogenous infectious virions or as proviral DNA. Proviral
DNA that has been integrated into the germ-line of the host can be inherited by the offspring of
the infected host in a Mendelian fashion and may become fixed in the gene pool of the host (9).
This proviral DNA will be present in every cell of the host organism and is referred to as an
endogenous retrovirus (ERV). ERVs dosely resemble exogenous retroviruses in genome
structure and sequence composition. The study of ERVs is of interest for a number of reasons
including their potential role in disease, consequences in xenotransplantation and their potential
for use in phylogenetic analyses.
My interest in ERVs centers on their potential to provide a valuable resource for studying
the evolutionary history of both the retroviridae and their hosts. The ERVs are a set of dosely
related sequences well suited for molecular population genetics studies. The potential for
exploitation of ERVs as phylogenetic markers is becoming apparent (43). Recent work has
focussed on the integration of human endogenous retroviruses (HERVs) in assodation with the
evolution and divergence of the Hominoidea superfamily (43, 79). HERVs and their LTRs found
in the vicinity of genes can affed gene expression and have evolutionary consequences. HERVs
are believed to have played a major role in the divergence of humans and apes (43). The HERV
sequences can tie divided into two dasses based on similarities to exogenous retroviruses with
class I HERVs more similar to exogenous type C retroviruses and HERVs belonging to dass II
most similar to avian type C and mammalian retroviruses of types A, B and D. The designation
HERV can tie followed by a letter indicating the amino add specificity of the tRNA predided to a d
as the minus strand primer.

38
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The Impact of Interelement Selection on ERV Sequence Variation
Variation of ERV genomic structure is common, but a typical example consists of 5’ and
3’ LTRs flanking the genome at either end. gag, the structural gene, is found upstream of pot.
which provides the enzymatic functions. The gag and pol genes are often found in different
reading frames. The ERV sequences included in this study also contain a highly conserved
deoxyuridine triphosphatsase (dut) gene encoding dUTPase. Most ERVs are missing the
envelope gene, but remnants of envelope are often observed downstream of the pol within the
sequences.
The selective pressures acting on ERV nucleotide sequences are compared to the
predictions of the neutral theory of evolution to test the hypothesis that interelement selection has
acted to produce the sequence variation now observed in the ERV sequences. A number of tests
designed to measure the effects of selection rely on distinguishing synonymous from nonsynonymous changes. Synonymous changes alter the nucleotide sequence but do not affect the
encoded amino acid sequence and non-synonymous changes result when a change in the
nucleotide sequence alters the encoded amino acid sequence. Ks and Ka are measures of the
rate (# of changes/# of positions) of synonymous and non-synonymous change respectively.
When Ks is greater than Ka (Ks/Ka>1) negative selection is indicated. A neutral pattern of
selection is implied by roughly equal rates of Ks and Ka (Ks/Ka=1). Positive or adaptive selection
is suggested by Ka rates greater than Ks (Ks/Ka<1) (75).
An enormous amount of sequence data is being generated for both the mouse and
human genomes. The intent of this study was to determine and compare the amount of
interelement selection acting on HERV and mouse ERV lineages using the data currently
available. One representative from mouse, the intracistemal-A particles (lAP) and one
corresponding set of HERVs, the HERVKs, were selected for the initial studies to test the
hypothesis that interelement selection has shaped ERV sequence variation. The HERVK and
lAP sequences were selected as a result of initial searches that identified a greater number of
potentially full-length HERVK and lAP sequences in comparison to other corresponding HERV/
Murine ERV (MUERVL) sequence sets that could have been utilized.
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Sequence Collection
The dUTPase and RT are well characterized and highly conserved in these sequences
and were used to screen the database for potential full-length ERV sequences. Each sequence
identified as encoding both the dUTPase and RT was examined to determine the presence of
LTRs defining full-length insertions. Sequences encoding whole genomes made up of the gag,
pol, dut and both 5' and 3 LTRs were sequestered for further analysis.

Sequence Translation and Alignment
Nucleic add sequences obtained from EMBL/GenBank were translated in all six reading
frames using DNA workbench (84). Analyses to establish the rate of synonymous to nonsynonymous sutistitutions are only valid if comparable sites are being compared to each other.
The genes used for comparison were initially defined by previously annotated examples of ERV
sequences. Numerous errors are present in these annotations, necessitating that the wellcharacterized genes of retroviral sequences be used to define the corresponding genes in the
ERV sequences.
The initial protein sequence alignment of these closely related sequences is not difficult
to generate and can tie accomplished using any one of several multiple sequence alignment
programs available, CLUSTAL X was employed (82). The amino add sequences are composed
from an alphatiet of twenty amino add characters as opposed to the nucleic add sequences,
which are made up of only four characters. This allows gaps to tie inserted into the amino add
sequences with greater confidence than would tie possible working with the nucleic acid
sequences. Gaps should lie introduced into the nudeic add sequences (in a three to one ratio)
in positions corresponding to gaps inserted into the amino add sequences. Most ERV
sequences are disrupted by stop codons and frame shifts. All frame shifts must tie identified and
adjusted for in both the amino add and nucleic add sequences to ensure that comparable sites,
present in different ORFs, are considered in the sequence comparison. This adjustment is
accomplished by the addition or subtraction of residues to account for insertion and deletion
events that resulted in the observed frame shifts. Stop codons must be removed from both the
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nudeic acid sequence and the corresponding protein sequence. Once the amino acid alignment
has been generated, the corresponding nucleic acid sequences must be aligned to each other.
After the amino add and corresponding nudeic acid alignments have been obtained, the OnaSP
program is used to calculate the rate of synonymous to non-synonymous sutistitutions (71).

Results
The majority of the ERV sequences identified were not full-length sequences, containing
only a sutiset of the genes that define the ERV genome and were therefore unsuitable for the
proposed analyses. Out of the 180 sequences initially determined to contain the dUTPase gene
a total of nine lAP and nine HERVK sequences were identified as full-length. It was decided that
the gag and RT domains of the sequences otitained would be analyzed to establish a protocol for
the future expansion of the study. The gag and RT were chosen because they represent less
conserved and well-conserved domains respectively, within the ERV sequences. The t-test with
infinite degrees of freedom showed that the results obtained for the analyses of the RT and GAG
domains of the full-length HERVK and lAP sequences identified failed to produce statistically
significant results. Increasing the sample size might produce valid results. It is also possible that
there is not sufficient variation present in the full-length HERVK and lAP sequences to produce
valid results from this type of analysis

LTR Analysis
The length of time that has passed since an ERV has actively moved within the host
genome can be estimated by the amount of divergence between the LTRs flanking the ERV
genome. The S' and 3’ LTRs of retrotransposons are generated from a single template during the
reverse transcription process resulting in 5’ and 3' LTRs which are identical when the LTR
retrotransposon first inserts into a host chromosome (4, 86). Random mutations lead to a
decrease in 5-3' LTR identity overtime. Differences in the nucleotides making up the 5' and 3’
LTRs can be used to estimate the amount of time that has elapsed since transposition occurred
(43, 72, 73). The presence of 100% identical LTRs indicates recent transposition. This
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information can be used to date lineages included in phylogenetic reconstmction analyses and
can be incorporated into the phylogenetic trees produced.
In this study, the elapsed time since insertion was determined by comparison of the S'
LTR to the 3’ LTR flanking the ERV sequences. The first step in this type of analysis is the
generation of a nucleic add sequence alignment comparing the S' and 3' LTRs flanking an ERV.
The CLUSTAL X program was employed with the default settings to generate the ERV LTR
alignments (82). Once aligned the number of differences between each set of S' and 3' LTRs are
determined to estimate the number of years since insertion occurred (S3). The results are given
in tables three and four. Problems inherent to the application of a molecular dock to data indude
wide margins of error and impredse estimates of divergence (39). The calculations to produce
the data in tables 2 and 3 are influenced by these prot)lems and can only provide an estimate of
the time elapsed since insertion occurred. The results of these calculations do not refled the
adual time elapsed, but are useful for comparing the relative ages of the ERVs. These estimates
show that one of the HERVK sequences (Y18890) inserted approximately four million years
earlier than any other HERVK sequence analyzed (table 3). Six of the HERVK sequences are
estimated to be less than one million years old and the two remaining sequences correspond to
insertional events that occurred approximately one million or one and a half million years ago
(table 3). Analysis of these lAP sequences showed that the oldest insertion event (M73970)
occurred approximately 6.5 million years ago, nearly one million years earlier than the oldest
HERVK sequence (Y18890) (table 2 and table 3). The next oldest lineage (S74315), induded in
this study, inserted more than 3 million years later. Seven of the nine lAP sequences considered
have identical LTRs, representing relatively recent insertion events (table 4).
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Table 3 HERVK LTR Data
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Accession #
# Substitutions
Sequence Length'
Substitutions per Site
Estimated Time Since
Insertion (in Millions of
Years)

Y18890
38
1938
0.020
5.6

M14123
2
1936
0.001
0.29

AF074086
6
1936
0.003
0.88

API64609
2
1936
0.001
0.29

API64610
3
1936
0.002
0.44

AP164611
7
1936
0.004
1.0

API64614
6
1936
0.003
0.88

AP164615
3
1920
0.002
0.45

Y17832
10
1936
0.005
1.5

'Sequence length is the sum of the 5'LTR sequence and the 3' LTR sequence.
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Table 4 lAP LTR Data
Accession #
# Substitutions
Sequence Length '
Substitutions per Site
Estimated Time Since
Insertion (in Millions of
Years)

AP027865
0
696
0
0

AL031742
0
704
0
0

U29186
0
764
0
0

AC005835
0
734
0
0

S74315
4
719
0.01
3.3

X04120
0
674
0
0

M17551
0
676
0
0

M73970
7
624
0.02
6.5

M10134
0
752
0
0

CD

'Sequence length Is the sum of the 5'LTR sequence and the 3' LTR sequence.
(/)
(/)

w

CHAPTER 4

CONCLUDING REMARKS
Retroid agents are ubiquitous in eukaryotic genomes. These transpcsable elements are
capable of multiplying faster than genomic sequences and spreading throughout a genome,
which can result in a greatly increased genome size. Gene expression may be altered by the
presence of a transposable element within or adjacent to a gene. Genomic rearrangement in the
form of inversions, translocations and large insertions or deletions may also result from
transposition events (14). For these reasons, transposable elements have a great potential to
impact genome evolution and spéciation events. Interest in transposat)le elements, such as the
retroposons, increases as whole genome projects progress. Large scale comparison studies to
reveal the complex relationships that exist between host and Retroid genomes will t>e possible as
a result of the data generated by these genome projects (57).
Retroid agents have t)een implicated in a numlaer of diseases including and tx)th
Duchenne muscular dystrophy (65) and Fukuyama-type congenital muscular dystrophy (85),
breast cancer (28, 63) and Hemophilia A (47). The potential for Retroid agent integration to
negatively impact host genomes is easily understood, but evidence of beneficial relationships
between host and Retroid agent also exists (12). Retroid agents are known to mediate repair of
double strand DNA breaks, participate in telomere maintenance in Drosophila, have been
Implicated in immune system suppression during fetal implantation in mammals and are thought
to t>e associated with T-cell activation (see (59) for a recent review of these findings). As
evidenced by these examples, numerous complex relationships t)etween host and Retroid agent
genomes exist.
The potential for exploitation of ERVs as phylogenetic markers is becoming apparent
(43). Recent work has focussed on the integration of HERVs in association with the evolution

44
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and divergence of the Hominoidea superfamily (43. 79). HERV LTRs found in the vicinity of
genes can affect gene expression and have evolutionary consequences. Retroid agents are
almost certainly involved in spéciation and HERVs are believed to have played a major role in the
divergence of humans and apes (43). For these reasons and more, Retroid agents are the focus
of much research interest. If we are to understand the complexities of genome evolution, we
must cultivate a better understanding of the relationships that exist between host and Retroid
agent.

Summary of Findings
My work with retroposon sequences has focussed on the endonuclease OSMs present.
Endonucleases are a large group of enzymes that cleave nucleic acids at a position within the
nucleic acid chain. This function is necessary for integration of the retroposon DNA into a host
genome, a critical step in the lifecycle of these Retroid agents. At one time it appeared as if all
retroposon sequences would contain an IN downstream of the RT/RH domain to provide this
essential function. The identification of retroposon sequences containing an APE upstream of the
RT made it apparent that txith the endonuclease and its position within the genome are variatWe
among the retroposons. Given this, I hypothesized that a single retroposon sequence may
encode more than one endonuclease OSM.
When this study began retroposon sequences with an IN downstream of the RT/RH
domain and others with an IN upstream of this domain were known (fig. 1). Retroposon
sequences with an upstream APE had also t>een identified (fig. 1). The R2BM sequence was
known to encode an endonuclease function downstream of the RT txjt the source of this function
had not yet t>een determined. Shortly after this project t)egan, researchers determined that a
FDD OSM is involved in endonuclease function for the retroposon R2BM. In addition, they also
identified the PDD OSM within certain SLACS-like retroposons (fig. 1) (78). Each of these OSMs
have treen experimentally demonstrated to provide endonuclease function for different Retroid
agents. The HNH endonuclease has not been shown experimentally to provide endonuclease
function for any Retroid agent to date. The presence of the HNH OSM within the retrointrons.
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however suggested that the OSM of the HNH endonuclease might also be present in retroposon
sequences.
Hundreds of retroposon sequences containing a single endonuclease OSM were initially
obtained by BLAST searches. Ultimately seven retroposon sequences with more than one
endonuclease OSM were identified. These sequences can be thought of as belonging to one of
two groups, the INGI-iike retroposons and the SLACS-like retroposons. As a result of these
analyses it is now known that the INGI-like retroposons contain an APE upstream of the RT/RH
domain in addition to the IN previously observed downstream of the RT/RH domain. A partial
duplication that conserves the first two motifs of the IN OSM was also identified immediately
upstream of the full-length IN OSM. In addition, the full-length IN contains an HNH endonuclease
signature embedded within the IN OSM (fig. 2). With regards to the SLACS-like retroposons, the
PDD OSM was identified in the CRE2 retroposon sequence. Furthermore, the PDD signature is
observed within the OSM of RH in R2BM and each of the SLACS-like retroposons (fig. 2). To
summarize, the four SLACS-like retroposon sequences contain the OSMs of IN and the PDD
endonuclease, while the INGI-like retroposon sequences contain the OSMs of IN, the HNH
endonuclease and the APE. These findings clearly support the hypothesis that a single
retroposon sequence may encode the OSMs of more than one endonuclease.
The ERV study was conducted to test the hypothesis that interelement selection has
acted to produce the sequence variation now observed in the ERV sequences failed to produce
results to support either the proposed hypothesis or the null-hypothesis. This result does not
diminish the potential that ERV sequences have as phylogenetic markers. Phylogenetic studies
of closely related taxa can be enhanced by consideration of ERV sequence data. The presence
of homologous ERV sequences between taxa provides both evidence of a shared common
ancestor and the ability to date the insertion of that ERV sequence by LTR analysis. The results
of the ERV LTR analysis indicate that HERVK and lAP sequences estimated to be zero to six and
a half million years old are present in the human and mouse genomes (table 3 and table 4).
In Conclusion
The amount of biological data available is increasing as at an exponential rate
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(http://www.ncbi.nlm.nih.gov/Education/Bioinfomiatics/gmwth.html). providing a seemingly
endless supply of Ixological data for analysis. Nowhere is this growth more evident than in the
arena of sequence data. A wealth of data is availalile for analysis in putWic datatiases such as
GenBank, but as evidenced by the work discussed in this thesis not every sequence comparison
study will result in meaningful tMOlogical information. As with any experiment, care must tie taken
in the experimental design of sequence comparison analyses with particular attention paid to the
limitations of the programs being employed. Bioinformatic analyses have an increditile potential
to increase our understanding of biological systems by allowing large amounts of data to tie
considered in a single study. A wide range of analytical techniques have been applied to
sequences representing opposite ends of the sequence identity spectrum, providing me with an
increditile opportunity to gain experience using a variety of computer programs and bioinfomiatic
techniques.
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APPENDIX 1

GLOSSARY OF TERMS AND ACRONYMS
APE see Apurinic-apyrimidinic endonuclease
AP sites - Modified purine or pyrimidine residues in the DNA sequence recognized by the cellular
APE.
Apurinic-apyrimidinic endonuclease (APE) - An enzyme involved in DNA repair found in both
eukaryotes and eubacteria.
Basic Local Alignment Search Tool (BLAST) - A heuristic sequence comparison algorithm that is
used to search sequence databases for optimal local alignments to a query sequence. A BLAST
tutorial is available at httpV/www.ncbi.nlm.nih.gov/BLAST/lutorial/Altschul-1 html.
BLAST see Basic Local Alignment Search Tool
Bootstrapping - A statistical method for estimating the reproducitxlity of specific features of
phylogenetic trees.
CCHC motif see Cysteine-Cysteine-Histidine-Cysteine motif
CRE1 - Retroposon sequence identifier. Stands for Qrithidia fasiculata retrotransposatXe
element t,
CRE2 - Retroposon sequence identifier. Stands for Crithidia fasiculata retrotransposable
element IL
Cysteine-Cysteine-Histidine-Cysteine (CCHC) motif - CCHC refers to the most conserved
residues of this motif observed upstream of the PDD motif in PDD containing retroposon
sequences.
CZAR- Retroposon sequence identifier. Stands for Cruzi associated retrotransposon.
Dayhoff homology criteria - Protein sequences greater than 30% identical consistently meet the
criteria for homology.
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□OBJ see DMA data t>ank of Japan
Domain - Portion of protein that folds independently of the rest of the protein.
DNA data bank of Japan (DOBJ) - DDBJ functions as one of the International DNA Databases,
including EBI (European Bioinformatics Institute; responsible for the EMBL database) in Europe
and NCBI (National Center for Biotechnology Information; responsible for GenBank database) in
the USA as the two other memt>ers. DDBJ is the sole DNA data t>ank in Japan and is officially
certified to collect DNA sequences from researchers and to issue the internationally recognized
accession numt)er. The collected data is exchanged with EMBL/EBI and GenBank/NCBI on a
daily basis, so that the three data banks share virtually the same data at any given time.
(http://www.ddbj.nig.ac.jp/)
European molecular txology latxiratory (EMBL) - EMBL functions as one of the Intemational DNA
Datatiases. including NIG (National Institute of Genetics; responsit)le for the DDBJ database) in
Japan and NCBI (National Center for Biotechnology Information; responsible for GenBank
database) in the USA as the two other memt)ers. The collected data is exchanged with
EMBL/EBI and GenBank/NCBI on a daily t>asis. so that the three data t>anks share virtually the
same data at any given time. (http://Vrww.embl-heidelt)erg.de/)
EMBL see European molecular biology laboratory
Endonuclease - An enzyme that is critical in the lifecycle of retroviruses. Enzyme that cleave
nucleic acids at positions within the chain. The ritxmucleases are specific for RNA, the
deoxyribonucleases are specific for DNA and other endonucleases are capat)le of acting on txrth
RNA and DNA
env- envelope gene encoded by retroviruses and some other Retroid agents
ERV see endogenous retrovirus
Endogenous retrovirus (ERV) - Retrovirus found as a germ-line provirus, often defective
E value see Expectation value
Expectation value (E value) - The number of distinct alignments expected to occur in a database
search by chance with scores as good or better than the alignment of interest.
Gap - Null characters aligned to amino acid or nucleic acid characters in an alignment of two or
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more sequences.
Gapped alignment - An alignment that allows gaps.
GenBank - GenBank functions as one of the Intemational DNA Datat)ases, including EBI
(European Bioinfonnatics Institute; responsitWe for the EMBL database) in Europe and the NIG
(National Institute of Genetics; responsitWe for the DDBJ database) in Japan as the two other
members. The collected data is exchanged with EMBL/EBI and GenBank/NCBI on a daily basis,
so that the three data twnks share virtually the same data at any given time
(http://www.ncbi.nlm.nih.gov/).
Global alignment - The alignment of two complete nudeic add or protein sequences.
HERV see Human endogenous retrovirus
HNH • The HNH endonudease. Refers to the most conserved residues shared between the
Group I and Group II introns that encode this endonudease fundion.
Human endogenous retrovirus (HERV) - Retrovirus found as a germ-line provirus in humans,
often defective. The designation HERV can t>e followed by a letter indicating the amino add
specifidty of the tRNA predided to act as the minus strand primer.
High-throughput sequendng - Experimental procedures using automated sequendng machines
for determining huge amounts of genomic DNA or cDNA sequence data.
Heuristics - A technique employed to increase the speed of a computer program. The program
makes guesses to obtain approximately accurate results.
lAP see intradstemal A-type partide
IN see Integrase
Integrase (IN) - The enzyme that catalyzes the key chemical steps in retroviral integration of the
viral double-stranded DNA, produced by reverse transcription into, the host genome.
INGI3 - Trypanosoma brucei repetitive element INGI 3. This repetitive element was first isolated
from an African trypanosome and so was given the name INGI, a Kiswahili root adjective
meaning many.
Intradstemal-A partide (lAP) - A dass of endogenous Murine retroviral agents not known to
encode replication-competent viruses, usually lack intad env genes, also referred to as
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intradstemal A-type partide.
iterative search -Database searching techniques. After the initial search against the database is
completed, the high scoring matches are used to search the database again. Multiple rounds of
iterative searching are possit)le.
Local alignment - The alignment of segments of two nudeic add or protein sequences.
Long-terminal repeat (LTR) - an identical sequence up to several hundred nudeotides in length
that is found in the same orientation at both ends of a eukaryotic transposon.
LTR see long-terminal repeat
Monte Carlo simulations - Simulations that compare the alignment scores of observed
sequences to shuffled sequences to determine the statistical significance of the alignment scores
obtained for the ot>served sequences.
Motif - A short conserved region in a protein sequence.
MVAT4 - Sequence identifier corresponding to the INGI retroposon encoded by the Trypanosoma
brucei clone MVAT4.
NCBI - Acronym that stands for the National Center for Biotechndogy Information,
nr database - Non-redundant database of protein or DNA sequences available from the NCBI
BLAST web site.
OSM see ordered series of motifs
Ordered series of motifs (OSM) —Multiple motifs found in a specific order within the protein
sequence are referred to as an ordered series of motifs or OSM.
PDB see protein data bank
PDD - The endonuclease recently identified as providing the endonuclease function for the
retroposon R2BM. Refers to the most conserved residues shared between various restriction
endonucleases and non-APE encoding retroposons
PIR see protein infomiation resource
pal - Polymerase gene.
Position Specific Iterated BLAST (PSI BLAST) - An iterative BLAST search.
Protein Data Bank (PDB) - The depository of solved protein structures. Maintained by the
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research çollaboratory for structurai bioinformatics (RCSB) (http://www.rcsb.org/pdb/).
Protein Information Resource (PIR) - a comprehensive, annotated, and non-redundant protein
sequence database in which entries are classified into family groups and alignments of each
group are availat)le.
Provirus - A virus that has integrated with the host genome.
PSI BLAST see Position Specific Iterated BLAST
R1BM - Retroposon sequence identifier corresponding to the R1 element of Bombyx rnqri.
R2BM - Retroposon sequence identifier corresponding to the R2 element of Bombyx rnqri.
Retroid agent - All genetic elements encoding a reverse transcriptase enzyme.
Retrointron - Intron encoding a reverse transcriptase. Sometimes called a mobile group II intron
Retrotransposon - LTR-containing retrotransposon. Sometimes called LTR retrotransposon or
type I retrotransposon
Retroposon - Nuclear transposable element, most of which lack long terminal repeats. Often has
a poly (A) structure at 3'end. Also called: Poly (A) retrotransposon, non-LTR retrotransposon or
type II retrotransposon
Reverse transcriptase enzyme (RT) - This enzyme converts RNA genomes into DNA genomes.
Ribonudease H enzyme (RH) - This enzyme degrades the viral RNA as it is reverse transcritied
into double-stranded DNA. Sometimes referred to as Rnase H.
RH see ribonudease H
Rooted tree - A phylogenetic tree in which the last common ancestor of all genes or organisms
included on the tree is specified.
RT see reverse transcriptase.
SLACS - Retroposon sequence identifier corresponding to the spliced leader associated
conserved sequence of Trypanosoma brucei.
Substitution matrix - Compilation of all substitution scores.
Substitution scores - The score for aligning a particular pair of residues in a sequence alignment.
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SW ISS-PROT - A curated protein sequence datat>ase maintained by the Department of Medical
Biochemistry at the University of Geneva and the European Bioinformatics Institute
(http://expasy.ctx.nrc.ca/sprot/).
TR S1.6 - Retroposon sequence identifier corresponding to theTrypanosoma brucei repeated
sequence TRS 1.6.
Ungapped alignments - An alignment in which gaps are not permitted.
Unrooted tree - A phylogenetic tree that does not indicate the last common ancestor.
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